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Abstract In this paper I review the recent progress in understanding the physics
of the gas outflowing from active galactic nuclei and its impact on the surrounding
environment, using the combined information provided by multiwavelength Ultraviolet-
X-ray campaigns.
Keywords X-ray Spectroscopy · UV spectroscopy · Active Galactic Nuclei ·
absorption lines
1 Introduction
Theoretical studies predict that the mass ejected by active galactic nuclei (AGN) has
strong implications on the AGN self-sustenance (e.g. Hopkins et al. 2008) and its con-
tribution to the environment (e.g. Ciotti et al. 2009, 2010). In particular, the outflow-
ing gas can have an important role in host galaxy enrichment (Somerville et al. 2008,
and references therein), up to larger scale environments like the intra-cluster medium
(McNamara and Nulsen 2007, for a review) and eventually the intergalactic medium
(e.g. Scannapieco and Oh 2004; Li et al. 2007). Metal enrichment of the environment
is likely to act both at low- and high-redshift (Scannapieco et al. 2005; Martin et al.
2010). As a consequence, an impact on the cosmological quasar luminosity function is
expected (e.g. Lapi et al. 2006; Hopkins et al. 2007). Ionized-gas outflows (also called
warm absorbers) are detected in roughly 50% of the AGN X-ray spectra. There is
a one-to- one correspondence between objects that show X-ray absorption and those
that show intrinsic UV absorption, indicating that these two phenomena are related
(Crenshaw et al. 1999). Multiwavelength studies of this AGN feature represent a unique
tool to globally study the physics of this gas (Crenshaw et al. 2003).
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2Table 1 Recent multiwavelength campaigns on bright AGN.
Object year Instruments Ref.
NGC 3516 2000 LETG, STIS 1,2
NGC 3783 2000 HETG, STIS, FUSE 3,4
NGC 4051 2000 HETG, STIS 5
Mrk 509 2001 HETG, STIS 6,7
2009 RGS, LETG, COS 8
NGC 4151 2002 HETG, STIS 9,10
NGC 7469 2002 HETG, STIS, FUSE 11
Mrk 279 2002 HETG, STIS, FUSE 12
2003 LETG, STIS, FUSE 13,14
NGC 5548 2003 HETG, STIS 15,16
1H 0419-577 2010 RGS, COS 17
References: (1) Netzer et al. (2002), (2) Kraemer et al. (2002), (3) Kaspi et al. (2002), (4)
Gabel et al. (2003), (5) Collinge et al. (2001), (6) Yaqoob et al. (2003), (7) Kraemer et al.
(2003), (8) Kaastra et al. in prep., (9) Kraemer et al. (2005), (10) Kraemer et al. (2006), (11)
Scott et al. (2005), (12) Scott et al. (2004), (13) Gabel et al. (2005), (14) Costantini et al.
(2007), (15) Crenshaw et al. (2003), (16) Steenbrugge et al. (2005), (17) Costantini et al. in
prep.
2 Early studies
Active Galactic Nuclei (AGN) have been know to host ionized gas first through their
absorption and emission features in their optical spectra (Seyfert 1943). In the UV
band, narrow absorption lines from low- (e.g. Mg ii) and high-ionization (e.g. C iv,
Nv) atoms have been frequently detected by UV satellites in the 80’s, (e.g. IUE;
Ulrich and Boisson 1983). At the same time, many of the sources exhibiting UV ab-
sorption, showed a low-energy cut-off in the X-rays (EXOSAT; Turner and Pounds
1989). Early attempts of depicting a common origin for the UV and X-ray gas, were
not successful (Ulrich 1988). The low resolution of early instruments played the ma-
jor role in confusing the physical picture, as, for instance, ionized absorption could be
hardly distinguished from neutral absorption. The advent of medium-resolution X-ray
instruments allowed a major step forward, thanks to the detection of the Ovii and
Oviii (e.g. George et al. 1998). Albeit absorption features suffered from blending, e.g.
Ovii was blended with the iron unresolved transition array (UTA), a column density
and a degree of ionization (Sect. 3.2) could be assigned to the gas absorbing the X-rays.
Several studies could then put in relation the X-ray gas and the more highly ionized
species (Nv, C iv, Lyα) detected in the UV (e.g. Mathur et al. 1994, 1995).
3 Methods
The increase of energy resolution and sensitivity of the instruments in both UV (HST-
STIS, HST-COS, FUSE) and X-ray band (Chandra-LETGS, Chandra-HETGS and
XMM-Newton-RGS) revealed the great potential of a multiwavelength studies of this
gas. This approach does not merely offer a broader-band view of the phenomenon, but
allows to exploit the complementarity of the instruments to infer physical quantities.
Essential ingredients of these campaigns are of course the simultaneous pointing of
the AGN and an adequate exposure time, in order to maximize the signal-to-noise
ratio. In Table 1 recent multiwavelength campaigns are listed, along with representative
3references for the UV and X-ray analysis. Those delivered not only information on
individual sources, but also provide mean properties of the gas in this class of objects.
The higher spectral resolution provided in the UV band (R∼20,000) allows a detailed,
velocity dependent, study of the absorption troughs of a few important ions (e.g. C iv,
Nv, the Lyman series, Ovi). The X-rays provide a blurred (i.e. lower resolution R=400-
1000) view of dozens of transitions of He- and H-like ions of C, N, O, Fe, Ne, Si and
S. In the following I review in which way the information from the two bands can be
combined.
3.1 Kinematics
Multiwavelength campaigns show that the UV absorber is composed by as much as four
or more components with distinct outflow velocities, ranging from few tens to thousands
kms−1(e.g. Gabel et al. 2003). The outflow velocity is measured as the displacement
of the centroid of the absorption line with respect to its wavelength in the rest frame of
the source, converted to velocity space. The X-ray absorbing gas usually shares some
of the UV velocity components. The lower X-ray resolution however allows to assign a
range of possible velocities which can be usually associated to multiple UV components
with similar velocity (e.g. Kaspi et al. 2002; Steenbrugge et al. 2005). However, a higher
velocity component, with no correspondence in the UV band, is sometimes detected
in the X-ray band only (e.g. Collinge et al. 2001). This gas component is associated
with the higher ionization ions, like Oviii, suggestive of an additional, highly ionized,
gas in the system. However, no systematic correlation between outflow velocity and
ionization parameter has been found in the X-rays band (Blustin et al. 2005).
3.2 Ionization parameter
An ionized gas is phenomenologically parameterized not only by its kinematic com-
ponents, but also by its ionization and column density. Two similar definitions of
the ionization parameter are used. The dimentionless parameter U is expressed as
U =
∫∞
ν0
Lν/hν
4pir2nHc
dν where Lν/hν is the rate of emitted photons per frequency, nH
the hydrogen number density and r the gas distance. The luminosity is integrated
over the total ionizing spectrum, from ν0, the ionization threshold of hydrogen. The
other commonly used parameter is ξ = Lion/nHr
2 (erg cm s−1), where Lion is the
integrated luminosity. Sometimes, especially in X-ray studies, ν0 is taken as 0.1 keV
(e.g. George et al. 1998). Here we will refer to the ionizing parameter as the log of ξ.
In order to find a solution for ξ, a ionization balance is needed. This expresses
the balance between the recombination to and the ionization of a given ion and it
is dependent on the spectral energy distribution (SED) of the source. The ionization
balance is calculated using a photoionization code, such as Cloudy (Ferland et al. 1998)
or XSTAR (Kallman and Bautista 2001). A grid is constructed for a range of values
of ξ and NH and the best fit searched through a minimizing procedure like the χ
2 or
the C2 statistical tests. In the UV band, this procedure relies on the analysis relatively
few ions (Sect. 3). Despite the lower resolution, a solution for ξ and NH can be easily
found using X-ray data, thanks to the dozens of transitions available. In particular the
presence of the iron UTA, where virtually all Fe ions are represented, helps in securing
the parameter determination.
4Fig. 1 Example of two highly ionized gas (logξ = 3), with differing column density. The
resolution assumed is the one of the Chandra-HEG grating. It is evident that a high column
density is necessary to clearly highlight the absorption features in an ordinary, relatively low
s/n spectrum.
Higher ionization ions can be detected only in the X-ray band. Highly ionization
components are highlighted mostly by H-like and He-like ions of O, Ne, Mg, Si, S and
also Fe, detected at very short wavelength (λ=1.85 and 1.79 for Fexxv and Fexxvi,
respectively). Fig. 1 shows that the opacity of such gas is modest, unless the column
density becomes high (NH > few×10
22 cm−2). This observational bias may well be
the reason why the higher ionization gas often displays a higher column density (e.g.
Turner et al. 2008). There could be also low NH gas which eluded the detection so
far. It is evident however that a larger hydrogen column density is associated with the
detected high ionization outflowing gas. If the UV and X-ray absorbers are co-spacial,
this larger column density implies that a larger mass is associated with the X-ray
absorber than with the UV absorber. Therefore the X-ray gas may play an important
role in the budget of material carried away from the black hole.
3.3 Column density
In general there is a one-to-one relation between objects that show X-ray absorption
and those which show UV absorption. In particular, these multiwavelength studies (Ta-
ble 1) clearly pointed out that at least one UV gas component shares the same outflow
velocity and ionization parameter with one X-ray component.
One major problem that confused for a while the interpretation of this phenomenon
is the non-correspondence of column density between the gas detected at different fre-
quencies. However, detailed studies revealed that the two values can be most of the
times reconciled if a velocity-dependent partial covering, acting in the UV band, is
allowed (e.g. Arav et al. 2002). The integrated column density of an absorption trough
is N ∝ 1/λf
∫
τ (v)dv, where τ is the optical depth, λ is the wavelength of the tran-
sition, f is the oscillator strength and v is the velocity. The residual intensity of a
line is given by I1 = exp(τ1). If the line is part of the doublet (or multiplet), the
optical depth ratio of two lines at ground level will be R21 = f2λ2/f1λ1. As a conse-
5Fig. 2 Normalized residual intensity for Fe ii 2587 and Fe ii 2600 A˚ are shown. The predicted
Fe ii 2600 A˚ computed from the optical depth ratio (lower curve) fails to reproduce the observed
(middle curve) data (Arav et al. 2008).
quence, the residual intensity of the other term of the doublet can be also predicted:
I2 = exp(−R21τ1) = I
R21
1 . However, observations show a very different behavior, which
is illustrated in Fig. 2. The observed blue part of the line multiplet is significantly shal-
lower than predicted, implying that a covering factor Cf (v) ≃ 1 − I2(v) is at work.
Accounting for Cf (v), a column density compatible with the X-ray gas is obtained in
most cases. The corrected column density allowed also a correct estimate of element
abundances (see, e.g. de Kool et al. 2001). In at least one case, even absolute abun-
dances could be evaluated (Arav et al. 2007). X-ray lines do not suffer dramatically
from the covering factor effect in these objects, probably because the X-ray source is
more compact than the UV continuum, thus the gas can more easily cover our line of
sight. In one noticeable case, where the 3rd order of HETG data could be analyzed
(NGC 3783, Kaspi et al. 2002), the striking similarities between the profile of Lyβ,
detected in the UV, and the one of Ovii, detected in the X-rays, suggests however that
a covering factor could be important also for the X-ray gas (see Fig. 2 of Gabel et al.
2003). For a typical data set, higher dispersion order data, implying an enhanced en-
ergy resolution, are of poor quality. This makes impossible in practice the detection
and the analysis of a velocity-dependent covering factor.
The phenomenological picture that emerges from the comparison of the absorption
features in the two wave bands is that lower ionization warm absorbers are naturally
detected in the UV. These are characterized by e.g. Mg ii, C ii. Then there is a phase
which is detected in both bands. This is characterized e.g. by Nv, C iv, Ovi, Ovii.
Note that Ovi is the only abundant ion which is simultaneously detected in the FUV
and X-rays. Unfortunately Ovi, which was successfully studied using FUSE in nearby
objects (Table 1), is out of the reach of the high-resolution instruments now flying on
board of HST1. Finally, there is a high ionization phase (logξ > 2) which can be only
detected in the X-rays.
1 The Ovi line enters the COS spectrograph wavelength band for redshift z> 0.1.
6Fig. 3 (Left panel): Normalized absorption profiles from the STIS and FUSE spectra of
Mrk 279. The spectra are plotted as a function of velocity with respect to the systemic redshift
of the host galaxy. The dashed vertical lines identify the velocity components (Gabel et al.
2005). (Right panel): X-ray spectrum as measured by Chandra-LETGS along with the best
fit model and the separate emission components (black lower line). In the upper panels the
transmission of the gas components are shown (Costantini et al. 2007).
A typical example is given in Fig. 3 where both the UV and X-ray representative spectra
of Mrk 279 are shown. The UV spectrum displays many velocity components of which
only component 2 is shared with the X-rays. For that component, a full agreement of
column density and ionization parameter is found in the two spectral bands (Arav et al.
2007). Lower ionization ions (e.g. Si iii, Fig. 3) are represented in the UV spectrum only
(Gabel et al. 2005). On the other hand, the high-ionization component, highlighted
mainly by Oviii (correspondent to a logξ ∼ 2.5, black solid line in the upper right
panels of Fig. 3) is only detected in the X-ray band (Costantini et al. 2007).
4 The origin of the UV-X-ray warm absorber
In the following I describe what are the important parameters to understand the ge-
ometry and distance of the warm absorber.
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Fig. 4 Calculated level populations of excited levels of Fe ii relative to the ground level as
a function of the the number density. The points indicate the observed column density ratio
with the ground level (in this example: QSO 2359-1241, Korista et al. 2008).
4.1 The density and distance of the gas
One of the quest in the study of the warm absorbers is the determination of the
hydrogen number density of the gas. Indeed, in both energy bands there is not any
straightforward method to obtain this parameter. In the UV, the most promising and
accurate method is the analysis of meta-stable levels. These atomic levels are those from
which the transition to the ground level is forbidden. They are populated by collisions, if
the number density is above a certain threshold whose value is in turn dependent on the
transition. Such experiment has been carried out e.g. using C iii∗ and Fe ii∗. In Fig. 4
the practical procedure is illustrated. For each level, the theoretical relative population
of the meta-stable level with respect to the ground level is plotted as a function of the
number density nH. This curve is confronted with each observed relative population.
It is evident that the more transitions are available, the more constrained the value of
nH will be (e.g. Gabel et al. 2005).
In the X-rays, very few Be-like ions (as C iii∗ is) can be detected. One of them is
Ov∗, whose main transition from the meta-stable level lies at 22.5A˚. This meta-stable
level is sensitive only to high densities, therefore it may be not ubiquitous in AGN
spectra. A tentative detection has been reported by Kaastra et al. (2004), implying a
number density nH > 3× 10
12 cm−3.
Meta-stable levels are sensitive to only a certain range of number densities, depending
on the transitions. In principle other methods, like monitoring the variability of the
warm absorber in response to the central source variation, would be sensitive to any
number density value, provided that the monitoring is carried out on a reasonably
extended time base line. If one assumes that recombination is the only mechanism at
work when the ionized gas responds to a variation in the ionizing flux, then the num-
8ber density of the gas is simply inversely proportional to the recombination time (e.g.
Krolik and Kriss 1995; Bottorff et al. 2000). In particular:
τrec(Xi) =
(
αr(Xi)nH
[
f(Xi+1)
f(Xi)
−
αr(Xi−1)
αr(Xi)
])−1
,
where αr(Xi) is the recombination rate and f(Xi) is the fraction of element X in ion-
ization state i. If there is a change in column density between two epochs, the time
interval between the two measurements provides a lower limit on the number density of
the gas, leading to an upper limit on the distance of the gas, using the definition for the
ionization parameter in Sect. 3.2. Conversely, a non-variation of the warm absorber as
a function of the flux change provides a lower limit on the distance. An ideal situation
is when the monitoring happens on different time scales. This allows to monitor both
fast and slow flux changes and as a consequence to explore a wider range of possible
densities. In practice such an ideal monitoring is difficult to perform. Brighter objects,
which would provide a high s/n, securing an accurate estimate of the parameters, do
not display much variability. Variations are of the order of 30% using typical exposure
times (e.g. Costantini et al. 2007; Ebrero et al. 2010). The physical reason for this lack
of dramatic variability is that probably they are larger systems, with larger black hole
masses. Therefore, unless dedicated monitoring is performed (e.g. Mrk 509, Kaastra
et al, in prep.), a comparison is done on data sets that are taken at different times,
separated by months/years. Those time scales deliver only loose constraints on the
number density of the gas.
Only a handful of experiments were successful in detecting significant variations of
the warm absorber. For example, applying the relation for τrec(Xi) and for ξ above,
Krongold et al. (2005) derived an upper limit of r < 6 pc for the distance2 of the gas in
NGC 3783. A consistent limit of r < 25 pc has been derived for the same gas component
from the analysis of the UV data (Gabel et al. 2005). Using the variability method on
NGC 3516, a distance estimate of 0.2 pc has been obtained (Netzer et al. 2002).
Smaller black hole systems, like in the narrow line Seyfert 1 galaxies (NLS1), show
instead the desired large variation in flux on time scales of few ks. An intensively stud-
ied object in this respect is NGC 4051 (e.g. Krongold et al. 2007; Steenbrugge et al.
2009). Using different instruments, variability studies point to densities which differ of
a factor 20–40 for a same gas components. This mismatch underlines the challenge of
this kind of analysis on complex spectra, as it relies on time-resolved spectroscopy on
short time scales, which reduces the s/n considerably.
4.2 Connection between gas emission and absorption
Whether emission and absorption in both UV and X-ray band are produced from the
same gas it is not clear. The main issues are that the two components do not vary on the
same time scale and that the width of the lines often do not match between absorbed
and emitted lines. These facts point to a different location with respect to the central
source. A systematic comparison between absorption and emission is often hampered by
a low s/n and by the fact that in Seyfert 1 galaxies the continuum emission is predom-
inant, favoring the detection of absorption, rather than emission, features. Absorption
lines can therefore be compared only with a handful of X-ray emission lines (typically
2 Note that a non-variation of the warm absorber has been reported using a different data
selection of the same observation (Netzer et al. 2003).
9the Ovii and Ne ix triplets, and Oviii) which are not always detected. In the UV,
the emission spectrum is dominated by the broad emission lines whose width (2000-
10,000 kms−1) cannot in general be reconciled with the narrower absorption lines. Two
extensively studied sources, NGC 4151 and NGC 5548 (Detmers et al. 2008) recently
underwent an historically broad-band low flux. In those occasions, the UV broad lines
were absent, revealing the presence of lines with smaller width (from an intermediate
line region, ILR), consistently with that measured for the absorption lines. Interpreting
this width as due to Keplerian broadening, a distance of 0.1 pc for both the emitting
and absorbing gas has been derived in NGC 4151 (Crenshaw and Kraemer 2007). This
estimate could be readily applied to the X-ray band absorbing gas, as this shared the
same parameters as the UV absorbing/emitting gas. The case of NGC 5548 did not
deliver a similarly simple picture, as the ILR did not have any detected absorption coun-
terpart (Crenshaw et al. 2009). In the X-rays a direct comparison between absorption
and emission has been performed e.g. on NGC 3783, for which a long XMM-Newton
exposure allowed such a study. The similarity of the widths of emission and absorption
lines and the lack of variability of the absorption features among other reasons implied
a location of the gas in the narrow line region (Behar et al. 2003), in disagreement
however with the estimates based on the absorption features.
5 Do outflows contribute to feedback?
Outflows are of potential crucial importance for the metal enrichment of the surround-
ing medium (Sect. 1). The mass for unit time carried away from the system can be
expressed as:
M˙out = 8piµrNHmpΩv,
where µ is the plasma mean molecular weight per proton (µ ∼ 1.43), r is the radius,
NH is the gas column density, mp is the proton mass, Ω the global covering factor and
v the outflow velocity. Collecting the values of M˙out from classical Seyfert 1 galaxies
with available distance estimates (see references in Table 1), we see that they range
between 0.01–0.06 M⊙ yr
−1. These values are often comparable with the mass accre-
tion rate. In some outliers, M˙out > 10M˙acc (e.g. Crenshaw and Kraemer 2007).
The kinetic luminosity is simply given by
Lkin = 1/2M˙outv
2 erg s−1.
The energetics is dependent on both observable that are easy to measure (e.g. NH,
v) and on the radius r, for which only in a handful of cases an estimate could be
obtained. For a given radius, e.g. assuming an origin at the molecular torus distance
(∼0.1–5 pc in the sample presented in Table 1 of Blustin et al. 2005), then the highest
column density, and most of all, fastest outflows are likely to have an impact on the
surrounding medium. For the Seyfert 1 considered here, the kinetic luminosity is in
general modest: Lkin < 0.1%Lbol, where Lbol is the bolometric luminosity. Taking into
account the sources where the Lkin value was extracted, a range of 10
39.2−40.7 erg s−1
is obtained. Considering an AGN life-time of ∼ 4×108 yr (e.g. Ebrero et al. 2009), the
total energy carried by the outflow is 1055.3−56.8 erg. These values, keeping in mind the
associated uncertainties, may be comparable to the energy necessary to evaporate the
interstellar environment out of the host galaxy (E ∼ 1057 erg, Krongold et al. 2010).
An influence of the ionized flows on the intracluster medium and beyond is difficult to
assess. Simulations show indeed that only an energy of about 1060 erg would make the
outflows important at intergalactic scale (e.g. Scannapieco and Oh 2004).
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6 Conclusions
Ionized outflows in Seyfert galaxies must play a role both in the self-sustenance of the
active galactic nucleus and in the chemical enrichment of the environment. Multiwave-
length campaigns and dedicated monitoring on interesting objects are key in extracting
the most accurate parameters of the outflow. From that, also informations on the en-
ergetics of the outflow can be obtained. Although our knowledge on warm absorbers
has enormously increased in the last decade, critical parameters are still extremely
challenging to collect. The new HST instruments (COS, STIS) will allow easier density
diagnostic studies, thanks to the high throughput. In the X-ray future, IXO will allow
large monitoring campaign of warm absorbers in AGN, with minimal exposure times.
The new technologies will thus allow us to quantify the impact of the outflows on the
surrounding environment.
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